SUMMARY Hypertension was induced experimentally by subjecting rats to vigorous shaking, 4 hours (at random) daily for 14 weeks. Systolic pressures measured with the tail-cuff method began to rise after the first week and were significantly derated on Weeks 3, 4, 6, 7, and 8, but reverted to normotensive levels thereafter despite continued shaking. A similar hypertension was then induced in another group of rats and when spontaneous remission occurred, pressor responsiveness was tested on the eleventh week by recording aortic pressures from indwelling catheters. Pressor responses to further shaking or electrical stimulation of the anterior hypothalamus were smaller in shaker-stressed than in control rats, while those to injected norepinephrlne were almost the same in both groups. Spike potentials recorded from postganglionlc sympathetic (splanchnic) nerves showed higher baselines but smaller increases in neural firing during hypothalamic stimulation in shaker-stressed than in control rats. These results suggest that while shaker stress alone can induce hypertension, the resulting blood pressure elevation is not sustained, perhaps because adaptation within the central nervous system concurrently reduces pressor responsiveness. action to stress, and based on the assumption that with frequent repetition the pressure elevation eventually becomes sustained, chronic exposure to stress has often been used for inducing experimental hypertension. Air blasts, 1 intermittent decompression, 2 aversive operant conditioning,' psychosocial stimuli, 4 and a mixture of shaking, noise, and flashing lights," have all been found effective in making rats hypertensive. Because the hypertension thus induced can be prevented by chemical sympathectomy with 6-hydroxydopaminc" or by doses of amethyl tyrosine that deplete brain catecholamines selectively, 7 the involvement of central sympathetic mechanisms has been proposed. Chronic exposure to noise and flashing lights requires a precisely controlled laboratory environment that is more elaborate and expensive to set up than one based on shaking alone. Whether shaking (henceforth referred to as shaker 311 stress), which is more potent than either noise or flashing light in eliciting pressor or tachycardiac effects," can induce hypertension when applied alone is unknown. While attempting to resolve this question, we found the resulting blood pressure elevation unsustained. Consequently, additional experiments were done to determine whether pressor and neural responses to hypothalamic stimulation had been altered by previous exposure to shaker stress.
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Methods
Two groups of 7-week-old female rats of the Sprague-Dawley strain, were purchased from Hilltop Laboratory Animals, Inc. (Chatsworth, CA) and randomly divided into control and experimental subgroups. Of 18 rats in the first group, half were used as controls and the others exposed to shaker stress manipulation for 14 weeks while systolic pressures, heart rates, and body weights were measured once weekly. A second group of 24 rats (12 control and 12 experimental) was treated similarly until the 11th week, after which the terminal experiments described below were done. 1 left) while those for control rats were placed on a separate table in the same room. An automatic timer was used to turn the shaker on for 4 hours daily, 6 days a week (except on Wednesday), at one of the following periods (selected at random): 2 to 6 p.m., 6 to 10 p.m., 10 p.m. to 2 a.m., or 2 to 6 a.m. With the selector switch set at low speed, the rate of shaking was 154 oscillations/min (horizontal displacement of about 4 cm per oscillation). Systolic pressures were measured every Thursday, thereby allowing at least 24 hours to elapse following the last shaking period.
A tail-cuff method previously validated on awake rats in our laboratory was used for measuring systolic pressures." Blood flow changes occurring in the tail during cuff deflation were detected with a Doppler ultrasonic flowmeter whose audio output was simultaneously monitored with headphones and superimposed on the cuff pressure tracing for graphic recording. To accustom rats to conditions required for measurement, they were trained for several days before actual measurements began. Training included warming first in a box for 10-15 minutes at 39° C and then in a rat holder (baseplate heated electrically to 38° C) for 5-10 minutes while an inflatable cuff and flow probe were attached to the tail; after six to eight training sessions, most rats remained relatively immobile for several inflation-deflation cycles. Daily values for systolic pressure were averaged from at least three readings. Heart rates were counted from pulses obtained with the Doppler sensor while the tail cuff was deflated.
Surgical Preparation for Acute Studies
After 11 weeks, rats in the second group were anesthetized with amobarbital sodium (7-10 mg/100 g i.p.) twice to allow 2 separate operations. During the first operation (done the day after the last shaking session), concentric electrodes (NE-100, custom made with chronic connectors by Rhodes Medical Instruments, Woodland Hills, CA) inserted in the anterior hypothalamus at stereotaxic coordinates anteroposterior 6.0, lateral 1.2, and dorsoventral -2.5, were fixed with dental cement to stainless steel screws embedded in the skull. 10 Two days later, a second operation was performed to insert an indwelling cannula into the lower abdominal aorta via a common iliac artery; the outer end of the cannula was passed subcutaneously to emerge at the nape of the neck. 11 Acute experiments were done the next day after aortic cannulation, or 4 days after the last exposure to daily shaker stress. Results presented in tables 2 through 5 are from only 8 rats in each subgroup because experiments that could not be completed for various technical reasons (e.g., rat in poor condition, catheter malfunction, noisy nerve recording) were discarded.
Graded Shaking and Hypothalamlc Stimulation in Awake Rats
A harness-and-swivel (cannular swivel with slip-ring electrical connectors from Airflyte Electronics, Bayonne, NJ) arrangement was used to keep each awake rat in a round, open-topped cage that was in turn mounted on an Eberbach shaker ( fig. 1 right) . For
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continuous recording of blood pressure, the aortic catheter was connected through Tygon tubing inside the flexible steel spring to a pressure transducer (Statham P23Gb) located beside the cannular swivel. 10 
'
u A correction factor (obtained by dividing the height of the fluid column by the ratio between the densities of mercury and water) was added to the transducer calibration to compensate for hydrostatic pressure resulting from the difference in height between the transducer and the rat. In addition to phasic and mean aortic pressures, heart rates were recorded simultaneously by triggering a biotachometer with the phasic pressure signal from the transducer. Pressor responses to shaking were quantified in all rats by turning on the shaker for three successive periods lasting for 5, 10, and 15 seconds respectively. To stimulate the hypothalamus, 5-10 second trains of 35-50 pA currents (frequency 100 cycles/sec, pulse duration 1 msec) were pulsed into the indwelling electrode using a square-wave stimulator (Grass S-88 with CCU 1A constant current unit).
Recording of Sympathetic Nerve Activity
Subsequently, all rats in the second group were anesthetized with urethane (0.1 g/100 g i.p.) and the abdominal plexus was exposed with the aid of a stereoscopic microscope; the inferior nerve bundle (emerging from the coeliac ganglion and accompanying the superior mesenteric artery) was placed over a bipolar stainless steel electrode whose uninsulated tips were 1 mm apart. Nerves and electrode tips were immersed in mineral oil to reduce tissue drying. Spike potentials were amplified (Grass P15 AC amplifier) and monitored on a storage oscilloscope (Tektronix 5111); to reduce noise, spontaneous respiratory movements were abolished by paralyzing skeletal muscles with decamethonium bromide (Syncurine, 0.2 mg/100 g i.v.) and connecting the rats to a respirator ventilated with a mixture of 50% oxygen and 50% nitrogen. 12 Analog signals for aortic pressure and nerve activity were recorded continuously on magnetic tape while the hypothalamus was stimulated with graded currents. For quantifying nerve activity, original analog signals were played back from tape into an ink-writing recorder and simultaneously fed into an amplitude analyzer (F. Haer and Co, Brunswick, ME) to convert individual spikes into uniform pulses and delete background noise. Since residual activity remaining after ganglion blockade with pentolinium was the same as that obtained after crushing the nerve, the low-level control of the window discriminator was routinely set to filter background noise persisting after pentolinium injection. Number of individual pulses per second were counted with a rate analyzer (F. Haer and Co) whose output was recorded separately as a histogram, digitized by a computer interface, and the output printed by a programmed calculator (Monroe 1860). Integrated nerve activity before and during hypothalamic stimulation using 50, 100, and 200 /xA currents was counted as the number of spikes for 3 seconds. Two drugs were routinely injected through a jugular vein catheter: pentolinium tartrate (Ansolysen), 0.5 mg (salt)/100 g; and norepinephrine bitartrate (Levophed), 100, 200, and 400 ng (base)/100 g. Cardiovascular and neural effects of hypothalamic stimulation were both abolished by the dose of pentolinium used.
1 '
Postmortem Histology
After each experiment, the rat's brain was perfused with and then stored in 10% formalin; transverse sections (40 n) stained with cresyl violet were compared with the atlas by Pellegrino and Cushman 14 to determine location of electrode tips. In both control and shaker-stressed rats, electrode tips were found lateral to the ventromedial hypothalamic nucleus or anterior hypothalamic area; adjacent structures included the fornix, median forebrain bundle, and lateral hypothalamic area.
Statistics
Data expressed as averages ± SEM were analyzed by two-tailed f tests for comparing means of independent samples, 15 and differences at a 5% level (p < 0.05) were considered significant.
Results

Time Course of Hypertension Induced by Chronic Shaker Stress
Systolic pressures in the first group of control and experimental rats were almost identical before exposure to shaker stress commenced, and also during the first 2 weeks of daily shaking. From the third through the ninth week, rats subjected to shaking had higher pressures than the controls, and differences on Weeks 3, 4, 6, 7, and 8 were statistically significant (table 1) . Heart rates also tended to be generally higher in shaker-stressed than in control rats, but differences were significant only on Weeks 4, 5, and 7 (table I). There were no appreciable differences at any time during the 14-week period in body weight; average body weights (g ± SEM) on the 14th week were 291 ± 7 in control rats and 289 ± 9 in experimental ones. Thus, the only discernible changes were elevations in systolic pressure and heart rate that reverted spontaneously to normal levels despite continued exposure to shaking.
Pressor Responsiveness in Awake Rats Previously Exposed to Shaker Stress
To study mechanisms involved in the spontaneous remission of the hypertension induced by chronic shaking, similar exposure to daily shaking was carried out in a second group of rats. As in preceding experiments, average systolic pressures (mm Hg ± SEM) measured with the tail-cuff method began to rise by the third week and were significantly higher (p < 0.001) in shaker-stressed (143 ± 7) than in control rats (111 ± 7) by the sixth week. But by the 1 lth week, average pressures were almost the same in both subgroups (113 ± 4 in controls and 115 ± 5 in shakerstressed rats; p > 0.4). Terminal experiments to record pressor responsiveness were then performed. Aortic catheters were implanted chronically in each rat and 1 day later, blood pressure was recorded continuously during exposure to 5, 10, and 15 second periods of shaking using the setup illustrated in figure  1 right. Baselines for mean aortic pressure were almost the same (120 ± 3 in controls and 126 ± 3 in shaker-stressed rats), as were those for heart rate (/min ± SEM; 375 ± 16 and 377 ± 9 respectively). Shaking invariably increased mean aortic pressure and heart rate ( fig. 2 ), but magnitude of both responses remained unaltered when duration of stimulation was increased from 5 to 15 seconds. Tachycardia was equally induced in both subgroups. Pressor responses were consistently smaller in shaker stressed than in control rats, however, and for the 10 and 15 second tests, differences were statistically significant (table 2) . For hypothalamic stimulation in awake rats, behavioral as well as cardiovascular responses may vary in intensity, depending on strength of the electrical stimulus applied. To establish thresholds for the •Significantly different from corresponding values for controls: data presented as average =*= SEM increases over corresponding baselines as determined from eight rats in each subgroup.
behavioral effects elicited here, stimulus strength was graded by increasing current strength (/uA) or train duration (sec) and results were expressed as the product of both variables in ^A X sec. Four phases of progressively intensified behavior, resembling that described before for the posterior hypothalamus, 10 '
ie also occurred upon stimulation of the anterior hypothalamus. In Phase I, the rats sniffed, hyperventilated, or looked about without moving their bodies; in Phase II, they moved about the cage and occasionally picked up food; in Phase III, they stood up on both hindlegs with forelegs resting on the side of the cage; and in Phase IV, they attempted to climb out of the cage. These behavioral phases were accompanied by pressor and tachycardiac responses whose magnitude also increased proportionally as stimulus strength was increased. Thresholds for eliciting each phase were invariably higher in shaker-stressed than in control rats (table 3) ; however, because of wide variations from rat to rat, none of the differences was significant. Tachycardia was usually of the same magnitude in both subgroups, as was the prcssor response during Phases III and IV. On the other hand, pressor responses during the first two phases tended to be smaller in shaker-stressed than in control rats, but in both instances, p values were larger than 0.05. Furthermore, when current strengths were increased progressively from 35 to 50 jtA and behavioral effects were disregarded, magnitude of pressor responses increased stepwise from 19 ± 5 to 44 ± 11 in control rats, but remained at essentially the same level (range from 21 ± 5 to 24 ± 6) in shaker-stressed ones. Hence, no matter how these results are analyzed, as a whole they suggest that chronic exposure to daily shaker stress reduces cardiovascular reactivity to further shaking or hypothalamic stimulation.
Sympathetic Nerve Activity and Pressor Responsiveness Under Urethane Anesthesia
All rats in the second gToup were anesthetized with urethane to allow recording of spike potentials from the abdominal sympathetic nerve. Frequency of neural firing (spikes/3 sec ± SEM) was initially higher (p < 0.05) in shaker-stressed (66 ± 4) than in control rats (45 ± 4). However, differences in corresponding baselines for mean aortic pressure (116 ± 4 for shaker-stressed and 113 ± 3 for control rats;p > 0.2) and heart rate (394 ± 10 and 410 ± 7 respectively; p > 0.2), however, were not significant. Subsequent electrical stimulation of the anterior hypothalamus consistently evoked an increased rate of neural firing that was much more prominent than that recorded previously upon stimulation of the posterior hypothalamus." For any given period of stimulation within the range of current strengths tested, the increase in neural firing rate was strongest during the first 3 seconds and then diminished spontaneously (though still staying well above the prestimulation level) during the remainder of the 10 second period ( fig. 3 ). Increased neural firing was generally more pronounced in control than in shaker-stressed rats, but because of wide individual variations, only the differences for the last 3 seconds of stimulation with 100 and 200 ^A currents were significant (table 4) .
Anterior hypothalamic stimulation also increased blood pressure and usually slowed heart rate. Reversal of the heart rate response from the tachycardia produced when the same rats were awake was probably caused by urethane anesthesia." Magnitude of bradycardia seemed less in shaker-stressed than in control rats (table 5 A), but none of the differences was significant. To elicit pressor responses of the same magnitude, current strengths -much stronger than those used while these same rats were awake -were not required; nonetheless, similar differences were seen in that pressor responses were generally smaller in shaker-stressed than in control rats (table 5A). In contrast, graded injections of norepinephrine also elicited pressor and bradycardiac responses of almost identical magnitude in both subgroups (table 5B). *Data are expressed as average ± SEM increases over corresponding baselines as compiled from eight rats in each subgroup. Behavioral phases are described in the text. 'Significantly different from corresponding value for controls; data are presented as average ± SEM increases over corresponding baselines as determined from eight rats in each subgroup.
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From these results it was concluded that chronic exposure to shaker stress had reduced pressor responsiveness to hypothalamic stimulation without affecting that to injected norepinephrine.
Discussion
Female rats subjected to chronic shaker stress evidently become mildly hypertensive, but the pressure elevation recedes spontaneously after 8 weeks. By contrast, the hypertension Perhach et al. 1 * induced in male rats, by using a mixture of shaking, noise, and flashing lights, persisted long after stimulation was discontinued on the 12th week. Sex differences may be partly responsible, but since Hudak and Buckley 6 also induced a sustained hypertension by exposing female rats to combined stressors, a more plausible explanation could be that shaker stress applied alone is not as effective as when it is combined with concurrent visual and auditory stimulation. Perhaps different pressor mechanisms are activated such that when shaking, noise, and light are applied together, the end result is additive and more pronounced than that induced by a single stimulus.
Because blood pressure is greatly influenced by the methods used for its measurement, values obtained at different times are difficult to compare. For instance, no differences between control and shaker-stressed rats were ever detected when systolic pressures were determined on three separate occasions in our second group of experiments, yet the levels were never quite the same. Averages of 113 ± 4 and 115 ± 5 (for control and shaker-stressed subgroups respectively) were obtained using the tail-cuff method on the 1 lth week, but recording from indwelling aortic catheters a few days later gave much higher values of 170 ± 4 and 177 ± 5 when the rats were awake, and 148 ± 4 and 146 ± 3 when they were anesthetized with urethane. Such large differences cannot be attributed solely to errors in tail-cuff measurement since the method used here was validated previously not only in anesthetized 1B but also in unanesthetized 20 rats under similar experimental conditions. Regional differences in arterial pressure may have contributed, since systolic pressure in the lower abdominal aorta is usually higher by about 10 mm Hg than that measured simultaneously from the caudal artery. 21 Probably even more important, however, are the conditions existing at the time of measurement. Although the tail-cuff method necessitates preheating that may elicit appreciable pressor effects," by the 11th week the rats were well accustomed to the manipulations required so that stresses thus imposed would have been minimal. By contrast, direct recording from an indwelling aortic catheter was a novel procedure involving anesthesia and surgery 1 day before recording, and handling while rats were placed in a chest harness and the indwelling catheter connected to the transducer system; conceivably, all these would be more stressful and likely to elevate blood pressure. Finally, since phasic aortic pressures (recorded continuously from indwelling catheters) usually fall when awake rats are anesthetized with urethane, the lower pressures we recorded when the same rats were later anesthetized with urethane could be due to reduction of stressinduced pressor effects.
Why baselines for sympathetic nerve activity were elevated in shaker-stressed rats that were no longer hypertensive, is uncertain. Spike potentials recorded from multifiber preparations vary widely from one rat to another, and it therefore remains possible that despite statistical significance, higher baselines in urethane-anesthetized shaker-stressed rats were more apparent than real. Alternatively, since urethane anesthesia activates the hypothalamus," ensuing increases in sympathoadrenal activity may have unmasked small differences (between control and shaker-stressed rats) that would not otherwise be demonstrable. Assuming that frequency of neural firing recorded under these conditions would truly reflect sympathetic hyperactivity at the recording site, then our results could also mean that vasoconstriction caused by increased activity of the abdominal sympathetic nerve did not suffice to elevate systemic arterial pressure.
Concomitant reduction in pressor responsiveness to further shaking or hypothalamic stimulation suggests that because rats adapt or become accustomed to shaker stress upon repeated exposure, their cardiovascular responses gradually become less intense. In line with this interpretation, and with Prosser's definition of physiological adaptation as any change that enables organisms to survive in stressful environments, 21 pressor responses to further shaking (table 2) and to hypothalamic stimulation (table 3) were indeed diminished in rats that had been subjected to chronic shaking. Furthermore, subsequent increases in firing rates produced by hypothalamic stimulation were smaller in shaker-stressed than in control rats (table 4) . Habituation, as a special form of adaptation in which magnitude of responses to frequently-repeated sensory stimuli decreases progressively," probably happened in our experiments. Similar reductions in responsiveness occur after 10 days in tachycardia induced by cold immersion of the tail in normotensive rats, 2 * or after 3 days in pressor responses to noise in healthy human subjects. 28 If rats adapt less readily to intermittent than to continuous shaking, then schedules other than the daily 4-hour regimen used here may prove more effective for inducing sustained hypertension.
How shaking causes its cardiovascular effects has not been clearly defined. Presumably, the basic mechanism is a reflex with sensory or proprioceptive receptors sending afferent impulses to responsive brain centers that in turn activate efferent pathways to cardiovascular effectors in the periphery. Of the different components in this reflex arc, cardiovascular effectors seem unlikely as sites of adaptation because their reactivity (determined from pressor responsiveness to injected norepinephrine) was essentially the same in control and in shaker-stressed rats. Despite the lack of information concerning other components, VOL 2, No 3, MAY-JUNE 1980 our results are in accord with the interpretation that adaptation to chronic stress occurs within the central nervous system." Because blunted responsiveness to hypothalamic stimulation was usually associated with reduced sympathetic neural firing (table 4) , it seems reasonable to assume that as the rats became accustomed to shaking, subsequent sensory stimulation increased sympathetic vasomotor tone less, so that corresponding elevations in blood pressure became smaller. Exactly where adaptation occurs in the brain has not been determined. A direct influence of the cerebral cortex was suggested by Glaser and Griffin 2 * who found that bilateral lesions of the frontal cortex prevent habituation of tachycardic responses to tail cooling in awake rats.
Like rats that have been exposed to chronic shaker stress, rats that fail to become hypertensive during chronic electrical stimulation of either the posterior or anterior hypothalamus, also show reduced pressor and sympathetic nerve responses to further hypothalamic stimulation." On the other hand, pressor responses to stress, 8 -" as well as pressor and neural responses to posterior hypothalamic stimulation, 13 ' "• w have consistently been found enhanced in spontaneously hypertensive rats. Inasmuch as the presence or absence of hypertension in these different studies has been closely linked to corresponding changes in hypothalamic pressor responsiveness, it can be argued that hypertension results whenever hypothalamic mechanisms for cardiovascular regulation fail; however, it remains equally possible that changes in hypothalamic pressor responsiveness result from, rather than cause, hypertension.
